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meABSTRACT
Peatland streams typically contain high methane concentrations and act as conduits for the release of this greenhouse gas to the
atmosphere. Radiocarbon analysis provides a unique tracer that can be used to identify the methane source, and quantify the time
elapsed between carbon ﬁxation and return to the atmosphere as CH4. Few studies – those that have focus largely on sites with
bubble (ebullition) emissions – have investigated the 14C age of methane in surface waters because of the difﬁculty in collecting
sufﬁcient CH4 for analysis. Here, we describe new sampling methods for the collection of CH4 samples from CH4-oversaturated
peatland streams for radiocarbon analysis. We report the results of a suite of tests, including using methane 14C standards and
replicated ﬁeld measurements, to verify the methods. The methods are not restricted to ebullition sites, and can be applied to
peatland streams with lower methane concentrations. We report the 14C age of methane extracted from surface water samples
(~4–13 l) at two contrasting locations in a temperate raised peat bog. Results indicate substantial spatial variation with ages
ranging from ~400 (ditch in afforested peatland) to ~3000years BP (bog perimeter stream). These contrasting ages suggest that
methane in stream water can be derived from a wide range of peat depths. This new method provides a rapid (10–15min per sample)
and convenient approach, which shouldmake 14CH4 dating of surface water more accessible and lead to an increased understanding of
carbon cycling within the soil–water–atmosphere system. © 2015 The Authors. Ecohydrology published by JohnWiley & Sons Ltd.
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Inland waters, including streams, rivers and lakes are
increasingly recognised for the important role that they
play in the transport of carbon from terrestrial ecosystems
to the atmosphere (Repo et al., 2007; Dinsmore et al.,
2010; Aufdenkampe et al., 2011). Indeed, it has been
estimated that globally, 0.8 PgC is lost annually from
aquatic systems (excluding wetlands; Cole et al., 2007).
Although most of the carbon lost to the atmosphere is in
the form of carbon dioxide (CO2), many inland waters and
in particular peatland streams contain large concentrations
of methane (CH4), another powerful greenhouse gas (e.g.
Hope et al., 2001; Billett and Harvey, 2013). While both
gases are sparingly soluble in freshwater, CH4 has a lower
solubility and is rapidly lost to the atmosphere (Chanton,
2005). Methane release in streams is also known to occur
from speciﬁc hot spots, e.g. natural sediment traps (Roulet
et al., 1997). To quantify the role of inland waters in
greenhouse gas emissions, it is important to understand theorrespondence to: M. H. Garnett, NERC Radiocarbon Facility, East
bride, Scotland, UK.
ail: mark.garnett@glasgow.ac.uk
015 The Authors. Ecohydrology published by John Wiley & Sons Ltd.
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dium, provided the original work is properly cited.hydrological and biogeochemical processes that link
sources in the terrestrial system to aquatic ﬂuxes (Vonk
and Gustafsson, 2013).
Water-saturated horizons of a peatland provide both
abundant substrate and the oxygen-free conditions required
for CH4 production via anaerobic decomposition (Clymo
and Bryant, 2008). While conditions suitable for
methanogenesis may span several metres depth of peat, it
has been suggested that a zone of high methane
concentration exists near the peat surface close to the
water table (e.g. Laing et al., 2010). Methane is also
transferred to the atmosphere via a number of routes,
which, in addition to export in drainage waters, includes
diffusive emission from the peat surface, ebullition,
transport through plants with aerenchymateous tissues
(Chanton, 2005) and release from natural peatland pipes
(Dinsmore et al., 2011). New methodological develop-
ments have tended to focus on improved quantiﬁcation of
surface CH4 ﬂuxes (e.g. Baird et al., 2010).
Radiocarbon (14C) provides a unique natural tracer with
the potential to greatly improve our understanding of
carbon cycling through ecosystems (Levin and
Hesshaimer, 2000), and to unravel the sources and
pathways of greenhouse gases. For example, 14C analysistribution License, which permits use, distribution and reproduction in any
114 M. H. GARNETT, P. GULLIVER AND M. F. BILLETTof CO2 evaded from the surface of peatland streams has
shown that UK peatlands emit CO2 with a wide range of
14C ages (Billett et al., 2006, 2007), from modern to
~1450 years before present (BP, where 0 BP=AD 1950;
Stuiver and Polach, 1977). This shows that evasion CO2 in
some peatlands is derived from carbon that was ﬁxed
within recent decades, whereas at other sites, the emitted
carbon had been stored for many hundreds of years or
derived from geogenic sources. The age of evaded CO2 has
been found to be much older than dissolved organic carbon
(DOC) in some streams, indicating that CO2 and DOC are
derived from different sources (Billett et al., 2007). There
has been far less study of the radiocarbon content of CH4 in
inland waters primarily because the low (compared with
CO2 and DOC) concentration of CH4 makes it more
challenging to obtain sufﬁcient material for analysis
[typically ≥1ml CH4 is required for 14C measurement by
accelerator mass spectrometry (AMS)]. A notable excep-
tion to this is the dating of CH4 from high-ebullition
environments like Siberian thaw lakes, where ages of 35
260– 42900years BP have been measured (e.g. Walter
et al., 2006).
A recent method has been developed to collect methane
for 14C analysis from peatland streams using ﬂoating
chambers (Garnett et al., 2013). This method collects
evaded (rather than in-stream) CH4 and is hampered by a
requirement to leave the chamber for several days to allow
sufﬁcient CH4 to accumulate. The existing method, while a
step forward, is time-consuming and difﬁcult to deploy at
higher and changing ﬂow conditions as ﬂoating chambers
become less stable.
An alternative approach to collecting methane samples
from water is to use headspace equilibration (Kling et al.,
1991; Hope et al., 1995; Jahangir et al., 2012). This is a
common direct method used to collect in situ gas samples
from within the water column and uses syringes or ﬂasks as
the equilibration container, and a headspace of ambient air
or N2. The ratio of headspace volume to water volume in
the collection chamber can be varied according to the
concentration of dissolved gas in the water body (Cole and
Caraco, 1998; Reira et al., 1999).
While studies have veriﬁed headspace equilibration for
determining concentrations of dissolved gases in water
(e.g. Hope et al., 1995), it cannot be assumed that these
methods are reliable for collection of samples for
radiocarbon analysis because of potential issues such as
contamination and isotopic fractionation. The latter is
unlikely because 13C isotopic fractionation of methane
across the water–air interface has been shown to be small
(Harting et al., 1976 cited in Jancsó, 2002), and because
radiocarbon results are normalised using the 13C content
(Stuiver and Polach, 1977), they should be insensitive to
fractionation effects if they are mass-dependent. Here, we
describe a new method based on headspace equilibration© 2015 The Authors. Ecohydrology published by John Wiley & Sons Ltd.to enable the collection of methane samples from
potentially remote and inaccessible peatland streams and
surface waters for radiocarbon analysis. Speciﬁcally, we
report the following: (i) a simple and rapid ﬁeld method
for the estimation of CH4 concentration in stream water,
(ii) test data on the effectiveness of manual headspace
equilibration of methane from stream water, (iii) a rapid
ﬁeld method for the collection of sufﬁcient methane for
radiocarbon analysis and (iv) test results performed to
verify its accuracy and reliability.METHODS
We used a Detecto Pak-Infrared gas analyser (DP-IR; Gas
Measurement Instruments Ltd, UK) to determine the
methane concentration when equilibrated with the head-
space of two types of containers. First, we used an airtight
glass container (‘Kilner’ jar, John Lewis, UK) of ﬁxed 1 l
volume as a ﬁeld method to rapidly quantify the methane
available in the stream water for collection. The jar was
modiﬁed by drilling two holes (7mm diameter) into the
metal lid, into which were inserted ~5 cm length of Tygon
tubing (R3603 diameter 8mm, wall 1.6mm, Fisher, UK).
Quick-connect couplings, which automatically close on
disconnection (from Colder Products Co., Tom Parker,
Preston, UK), were inserted in the ends of the tubing,
allowing connection to the DP-IR (via more Tygon tubing).
The methane concentration of a water sample was
determined by partly ﬁlling the 1-l container with stream
water, replacing the lid and shaking for a set amount of
time, which we determined from a series of tests to ensure
degassing was complete (discussed later in the text). The
jar was cleaned between samples by ﬂushing with
atmospheric air; this left a small amount (~2 ppm) of
atmospheric CH4 in the headspace, which was insigniﬁcant
compared with the amount of methane recovered from the
water samples. The methane concentration in the head-
space of the jar was measured by attaching the DP-IR using
a short length of tubing (~1m) in a closed loop. The
volume of the water used for headspace equilibration was
then determined in a measuring cylinder and the methane
concentration of the water (ml l) estimated using
CH4 ¼ 1000 – Vwð Þ Mppm=1 x 106
  
= Vw= 1000ð Þ (1)
where Vw is the volume of stream water (ml) and Mppm
represents the methane concentration (ppm) in the chamber
headspace. Although methane has a very low solubility in
water (Chanton, 2005), a small amount is still likely to be
present in the water after manual degassing. While this can
be quantiﬁed using Henry’s Law, our aim here was to
determine the amount of CH4 available to be collected for
isotope analysis, rather than to accurately measure stream
water dissolved gas concentrations.Ecohydrol. 9, 113–121 (2016)
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water samples that shaking the 1-l container for more than
2min did not result in further increases in the methane
concentration of the headspace. Therefore, we standardised
the shaking time required for all samples using this method
to 3min, considering this was more than sufﬁcient time for
complete degassing and to accommodate slight variations
in shaking by different operators. We veriﬁed the reliability
of this approach by testing whether different water volumes
(and therefore different headspace to water volume ratios)
affected the amount of methane degassed by performing
multiple measurements of different volumes of water
collected from the same sampling locations.
To enable collection of sufﬁcient methane in a single
degassing operation for 14C analysis, we used a collapsible
15-l airtight container [‘Accordion Water Carrier’ (AWC);
Highlander, Livingston, UK], which was partly ﬁlled with
~4–9 l of sample water by submerging under the water
surface over about 1min. Great care was taken to ﬁll the
container as gently as possible to minimise degassing
before it was sealed and avoid disturbance of the stream
substrate. For this reason, we initially chose not to use a
pump. However, subsequently, we found that with care
(and using an appropriate ﬂow rate of ~300mlmin1), a
pump is preferable and allows water samples to be
collected in shallower streams where it is more difﬁcult
to submerge an AWC. The container had initially been
ﬂushed with atmospheric air prior to sampling, and
approximately 4–6 l of air remained in order to create the
headspace. We accepted that this would introduce a small
amount of contamination from atmospheric CH4, which
was corrected using the following equation:
Ci corrð Þ ¼ Ci measð Þ– F atmosð ÞCi atmosð Þ
 
= 1 – F atmosð Þ
 
(2)
where Ci represents the isotopic content (14C%modern
or δ13C‰) of methane in the atmospheric-corrected
sample (corr), measured sample (meas) and atmosphere
(atmos; assumed to be 130%modern, δ13C=47; Lassey
et al., 2007). F(atmos) is the fractional contribution of
atmospheric CH4 in the recovered methane sample
(determined by measuring the methane concentration in
the headspace of the equilibrated sample).
After shaking for 3min, the methane concentration in the
headspace was measured by the DP-IR (the lid to the AWC
had couplings inserted as described earlier for the 1-l
container). The headspace gas was then transferred to a 10-l
foil gas sampling bag (SKC Ltd, UK) by simply attaching the
bag andmanually deﬂating the container. The entire operation
to collect one sample typically took 10–15min (a certain
amount of care is required when handling these gas bags to
avoid damage, although we have found them to be reliable).
We performed a series of tests to verify the ‘AWC’
method. First, we manually equilibrated samples by© 2015 The Authors. Ecohydrology published by John Wiley & Sons Ltd.shaking for different lengths of time in order to establish
the optimum time required for equilibration (as earlier
performed for the 1-l container). Second, we veriﬁed the
reliability of the method for collecting samples for stable
and radiocarbon analysis by analysing duplicate ﬁeld
samples from two locations on two separate occasions.
Third, we investigated the potential impact of incomplete
degassing on the carbon isotopic composition of the
methane by analysing samples collected at different equili-
bration times; the complete headspace in duplicate water
samples was recovered for analysis sequentially from the
same water sample after it had been (i) shaken for an initial
15 s, (ii) shaken for a further 30 s (total shaking time 45 s) and
(iii) shaken for a further 45 s (total shaking time 90 s). We
anticipated that most methane would be removed within the
ﬁrst 15 s, and therefore, the headspace for samples collected
after 15 s was recreated using high-purity N2 gas to exclude
the contaminating inﬂuence of atmospheric CH4, which
would be greater in small samples.
We also tested the AWC and laboratory processing
methods using standards of known radiocarbon content.
Firstly, we added ~8ml of ‘14C-dead’ methane (BOC, UK)
to an AWC containing 6 l of deionised water and a
headspace of atmospheric air, and performed the same
methane extraction and laboratory processing methods as
used in the ﬁeld for the stream water samples. We also
generated a modern CH4 standard using leaves from
deciduous trees collected in 2012, which were decomposed
under anaerobic conditions in a sealed glass vessel.
Headspace gas was removed using a syringe and injected
into a foil gas bag containing oxygen, and then after
determining the CH4 concentration using the DP-IR,
processed using the same laboratory procedures as used
for the samples.
Laboratory analyses
On return to the NERC Radiocarbon Facility, the CO2
component of the ﬁeld samples (and also the two 14C
standard gases) was removed by pumping (~500mlmin)
through soda lime; an infrared gas analyser (EGM-4,
PPsystems, Hitchin, UK) veriﬁed the complete removal of
CO2. The remaining gas was then passed through
platinum-alumina beads (Johnson Matthey Chemicals,
UK) heated to 950 °C to oxidise the methane (Garnett
et al., 2012). Samples that had been equilibrated into a N2
headspace received high-purity oxygen prior to combus-
tion; this was unnecessary for samples equilibrated into a
headspace containing atmospheric air. The resulting
methane-derived CO2 was dried using a ‘slush’ trap
(78 °C; dry ice and methylated spirits) and the
methane-derived CO2 recovered using liquid nitrogen
(196 °C). The methane-derived CO2 was split into
aliquots. One was used for determination of δ13C
(13C/12C ratio in ‰ expressed relative to the Vienna PeeEcohydrol. 9, 113–121 (2016)
116 M. H. GARNETT, P. GULLIVER AND M. F. BILLETTDee Belemnite (PDB) international standard) by isotopic
ratio mass spectrometry (Thermo Fisher Delta V) and the
second graphitised by Fe:Zn reduction (Slota et al., 1987)
and the 14C concentration measured by AMS at the
Scottish Universities Environmental Research Centre (East
Kilbride, UK). Following convention, 14C results were
corrected for mass-dependent fractionation by normalising
to a δ13C of 25‰ (using measured values of individual
samples), and expressed as conventional radiocarbon ages
(Stuiver and Polach, 1977).
Sampling test locations
Samples were collected from two contrasting sites at
Langlands Moss, an ombrotrophic raised bog in central
south-west Scotland, UK (see Table I for details). We
collected samples from a small stream draining the
south-east perimeter of the peatland (‘Stream’ site) and
from a man-made ditch within an area of afforested
peatland (‘Plantation’ site). The dominant plant species
on Langlands Moss are Calluna vulgaris, Erica tetralix
and Eriophorum vaginatum (Langdon and Barber,
2005); the Plantation site is covered with mixed
coniferous trees.Figure 1. Volume of methane equilibrated from different amounts of
water into the headspace of a 1-l container determined using the Detecto
Pak-Infrared. Slope of the regression lines indicates the methane
concentration (ml l1).
Figure 2. Methane concentration in the headspace of an Accordion Water
Carrier after degassing water samples for different lengths of time at two
sites. Error bars represent accuracy (±10%) of individual measurements
made by the Detecto Pak-Infrared. Results show that methane concentra-
tion in the headspace no longer increased after shaking for 2min.RESULTS
During three ﬁeld tests of the method on different days, we
found a strong linear correlation (p< 0.001) between
volume of methane in the 1-l container headspace and
volume of water (Figure 1). This suggested that variations
in the headspace to sample water ratio made no
signiﬁcant difference to the efﬁciency that methane was
equilibrated using our sampling protocol. For example,
methane concentration in water was the same whether
equilibration involved a ~300ml or ~600ml volume of
water. This ﬁnding was consistent despite the considerably
different concentration of methane in water at the sites:
Stream site = 0.2–0.3ml CH4 (l H2O)
1; Plantation = 1.6ml
CH4 (l H2O)
1.
Figure 2 shows the change in methane concentration in
the headspace of the AWC when water samples were
manually equilibrated by shaking. Even in the most
methane-rich water samples, the majority (>80%) of
methane was released within the ﬁrst 30 s of shaking.
Slight increases in concentration in the headspace occurredTable I. Details of sa
Site Lat/long Samp
Stream 55°44′5.5″N 04°10′25.8″W 27 F
55°44′5.5″N 04°10′25.8″W 4 A
Plantation 55°44′10.68″N 04°10′39.24″W 9 A
© 2015 The Authors. Ecohydrology published by John Wiley & Sons Ltd.up to about 90 s of shaking, but shaking for more than 120 s
did not appear to result in further degassing (headspace
CH4 concentrations were constant). Based on these results,
we adopted a standardised sampling protocol of 180-s
manual shaking for AWC samples (as well as the 1-l
container), considering that this would result in water
samples that were consistently equilibrated in full, while
additionally factoring in potential operator differences.mpling locations.
ling date Water temperature (°C) Water pH
eb 2013 2.8 6.4
pril 2013 2.9 6.5
pril 2013 2.0 5.7
Ecohydrol. 9, 113–121 (2016)
T
ab
le
II
.
V
ol
um
es
of
w
at
er
an
d
m
et
ha
ne
,a
nd
ca
rb
on
is
ot
op
e
co
nc
en
tr
at
io
ns
(b
ef
or
e
an
d
af
te
r
co
rr
ec
tio
n
fo
r
a
sm
al
la
tm
os
ph
er
ic
C
H
4
co
m
po
ne
nt
)
of
he
ad
sp
ac
e
eq
ui
lib
ra
te
d
m
et
ha
ne
fo
r
th
re
e
se
ts
of
du
pl
ic
at
e
w
at
er
sa
m
pl
es
co
lle
ct
ed
fr
om
tw
o
lo
ca
tio
ns
.
S
ite
S
am
pl
in
g
da
te
H
ea
ds
pa
ce
C
H
4
(p
pm
)
W
at
er
vo
lu
m
e
(l
)
C
H
4
vo
lu
m
e
(m
l)
C
H
4
co
nc
en
tr
at
io
n
[m
l
C
H
4
(l
H
2
O
)
1
]
P
ub
lic
at
io
n
co
de
(S
U
E
R
C
-)
1
4
C
ag
e
(y
ea
rs
B
P
±
1σ
)
δ1
3
C
V
P
D
B
‰
(±
0.
1)
A
ir
-c
or
re
ct
ed
1
4
C
ag
e
(y
ea
rs
B
P
±
1σ
)
A
ir
-c
or
re
ct
ed
δ1
3
C
V
P
D
B
‰
(±
1σ
)
S
tr
ea
m
a.
27
F
eb
20
13
26
5
5.
3
1.
45
0.
27
45
73
8
30
74
±
35
6
4.
0
31
44
±
45
6
4.
2
±
0.
2
S
tr
ea
m
b.
27
F
eb
20
13
41
7
13
.2
2.
78
0.
21
45
73
9
30
68
±
37
6
4.
0
31
12
±
41
6
4.
1
±
0.
2
S
tr
ea
m
a.
4
A
pr
il
20
13
82
7
7.
0
1.
64
0.
23
45
97
3
32
42
±
37
6
4.
5
32
65
±
38
6
4.
6
±
0.
1
S
tr
ea
m
b.
4
A
pr
il
20
13
68
5
8.
5
1.
94
0.
23
45
97
4
30
21
±
35
6
4.
4
30
47
±
37
6
4.
4
±
0.
1
P
la
nt
at
io
n
a.
9
A
pr
il
20
13
40
88
6.
4
14
.1
8
2.
22
45
97
5
36
9
±
35
6
7.
2
37
1
±
35
6
7.
2
±
0.
1
P
la
nt
at
io
n
b.
9
A
pr
il
20
13
21
92
4.
3
8.
18
1.
90
45
97
6
43
0
±
35
6
6.
2
43
3
±
35
6
6.
2
±
0.
1
117RADIOCARBON DATING OF METHANE FROM PEATLAND STREAMSUsing the AWC method with the 3-min shaking period,
we collected duplicate samples from the two sites on three
separate occasions for carbon isotope analysis. After
equilibrating, methane concentrations in the headspace of
the AWC ranged considerably between samples, partly
reﬂecting the methane concentration in the water (but
inﬂuenced also by the total volume of the headspace, which
varied slightly and was not accurately known; Table II). All
headspace CH4 concentrations were >200 ppm, and
therefore, the atmospheric CH4 component (ambient
concentrations ~2 ppm) was small (<1%), meaning that
correction for atmospheric contamination made little
difference to the results (corrected results differed from
uncorrected results by <1σ). For two of the three sets of
samples (Stream: 27 Feb 2013 and Plantation: 9 April 2013),
there was extremely good agreement between duplicates,
with atmosphere-corrected results differing by less than the
1σ measurement uncertainty of the 14C analyses. There was
greater difference between duplicate samples from the
Stream site collected on 4 April 2013, with results agreeing
within 3σ measurement uncertainty. The situation was
similar for δ13C results of duplicate samples, with two of the
sets of duplicates agreeing closely (<1σ) and a greater
difference (1‰) between the two Plantation samples. There
was a considerable difference in the radiocarbon age of the
methane between the two sites, with the samples from the
Stream site (3047–3265 years BP) being much older than
those from the Plantation site (371–433years BP). At the
Stream site, the average age of methane did not differ
between sampling dates (Table II). The estimated methane
concentration of the water determined using the AWC
method was very similar to that determined with degassing
samples using the 1 l container (Table II, Figure 1).
Table III presents data to investigate whether incomplete
degassing had an effect on carbon isotope ratios. Samples
were collected from the Stream site on 27 February 2013 to
allow comparison with AWC samples collected using the
standardised sampling protocol collected on the same day
(Table II). For samples that were equilibrated by shaking for a
total of 90 s, approximately 50–60% of the total methane was
released in the ﬁrst 15 s (Table III). However, at 3070 and
3291years BP (after air-correction), these samples of the
initially extracted CH4 had a radiocarbon age that was
virtually identical (within 1–3σ) to that collected using the
standardised method.We collected insufﬁcient CH4 after 15 s
of shaking for 14C measurement. However, we were able to
measure δ13C of methane on samples at all three stages of
degassing (after 0–15, 15–45 and 45–90 s), with results
showing a trend consistent with lighter (i.e. 13C-depleted)
CH4 being released ﬁrst, and heavier (i.e.
13C-enriched by
~1–3‰) CH4 being removed later (Table III).
Radiocarbon results of the two standard materials were
identical to expected values, indicating the absence of
signiﬁcant contamination and supporting the reliability of© 2015 The Authors. Ecohydrology published by John Wiley & Sons Ltd. Ecohydrol. 9, 113–121 (2016)
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had a radiocarbon concentration of 0.35 ±0.01%modern
(SUERC-45742), which is only slightly above the
laboratory background for methane samples (despite
having an atmospheric CH4 component), and the modern
methane standard had a 14C content of 103.83± 0.47%
modern (SUERC-52758), i.e. within 1σ of the atmospheric
14CO2 in the year of sample collection.DISCUSSION
Sampling methods and reliability tests
Our overall aim was to develop a reliable sampling method
to enable the radiocarbon analysis of methane from surface
waters. The key methodological advance was to recover
sufﬁcient CH4 in the ﬁeld for routine radiocarbon analysis
by AMS using minimal equipment, thus providing a robust
and rapid method suitable for inaccessible locations. For
example, using this method, a single operator is likely to be
capable of recovering 8–10 samples of headspace gas
collected in sample bags, which might otherwise require
the transport of at least 50–100 l of water if the gas had to
be extracted in a laboratory.
The sampling methods we have developed are based on
the same principles as existing headspace equilibrium
methods used to determine dissolved gas concentrations in
aquatic systems (e.g. Hope et al., 1995; Jahangir et al.,
2012), but adapted to satisfy the previous criteria. Firstly,
as has been demonstrated in the current study, the AWC
sampling method can provide sufﬁcient CH4 (>1ml) for
AMS 14C analysis, and we recovered between 1.5 and
14.2ml CH4 in the peatland surface waters that were
sampled. The method is dependent on the methane
concentration of the water, but literature values suggest
that the technique could be applied to a wide variety of
wetlands (e.g. Hope et al., 2001; Repo et al., 2007; Billett
and Moore, 2008; Dinsmore et al., 2011). Furthermore, the
method can be scaled up, e.g. by sequentially combining the
recovered headspace in multiple AWC samples (which was
the case for the Stream b. sample collected on 27 February
2013; Table II). There will, however, be a limit when CH4
concentrations in water are too low that this method might
become impractical (e.g. <0.05ml CH4 (L H2O)
1). Al-
though the minimum sampling requirement is a degassing
container (AWC) and sample gas bag, a DP-IR and
measuring cylinder are useful for verifying that the recovered
sample will be sufﬁcient for 14C analysis. Similarly, the 1-l
degassing container provides a simple and rapid (<5min)
ﬁeld method to quantify the CH4 available by headspace
equilibration, and therefore to inform how much water is
required to provide enough CH4 for
14C analysis.
The merits of the sampling methods described earlier are
only of value if they provide reliable samples for carbonEcohydrol. 9, 113–121 (2016)
119RADIOCARBON DATING OF METHANE FROM PEATLAND STREAMSisotope analysis. The cost of 14C determinations limits the
number of samples that can be analysed, so it is important
to understand the reproducibility of the method. The 14C
results for duplicate samples were similar, and in most
cases agreed within 1σ measurement uncertainty, suggest-
ing that additional replication (with increased cost) may be
unnecessary. As yet, we know little about how the 14C
content of CH4 varies spatially in peatland streams and
drainage systems, but slight differences in sampling
locations of duplicate samples, or disturbance of sediments
during sampling (despite care to avoid this), may explain
the small difference in the 14C results for one set of
duplicate samples. We know already that both peatland
stream water CH4 concentration and the δ13C of CH4 show
strong spatial and temporal variability in natural peat pipes,
peatland streams and wetlands (Billett and Moore, 2008;
Billett et al., 2012; Dinsmore et al., 2013), suggesting that
peatland systems are heterogeneous and may show
signiﬁcant differences in CH4 age.
We deliberately simulated incomplete degassing of
samples to investigate the implications for carbon isotope
results. We found that after only 15 s of manual shaking,
more than half of the total CH4 in the water was extracted.
Moreover, there was only a small difference in δ13C of less
than 3‰ between samples collected after the ﬁrst 15 s of
shaking and the small amount of CH4 released between 45
and 90 s (Table III); as expected, these results indicate that
isotopically light methane (e.g. 12CH4) is preferentially
released into the headspace ﬁrst, resulting in isotopic
fractionation. Clearly, for studies of the δ13C of CH4, it will
be important that fractionation issues are minimised; this
appears to be achievable by analysing the CH4 equilibrated
after shaking for longer duration. It is notable that when the
different components of the fractionated samples were
combined using isotope mass balance, δ13C values were
very similar to the results obtained for samples collected
using the standard method (Table III). Other headspace
techniques have found 1-min or 2-min manual shaking of
water samples to be sufﬁcient when equilibrating
samples for determining the concentration of dissolved
gases (e.g. Repo et al., 2007; Dinsmore et al., 2011), although
these are generally for volumetrically much smaller samples
(e.g. Dinsmore et al., 2013).
The main focus of this study concerned the 14C analysis
of methane, but if there had been differential isotopic
fractionation of 12C and 13C isotopes, there will also have
been fractionation of the 14C. However, these fractionations
are mass-dependent, and because all conventional radiocar-
bon ages are normalised to a δ13C of 25‰, 14C results are
not impacted by isotopic fractionation (for the same reason,
radiocarbon results are not affected by methane oxidation;
Kessler and Reeburgh, 2005). Hence, we found considerable
agreement in the 14C age between replicates, even when
incompletely equilibrated (Tables II and III). Consequently,© 2015 The Authors. Ecohydrology published by John Wiley & Sons Ltd.our results show that 14C analysis of CH4 using this method
is robust and does not need the development of strict
protocols that are required for other headspace methods
concerned with accurately determining the concentration of
dissolved gases in water (e.g. Jahangir et al., 2012).
For most of our samples, we used atmospheric O2
naturally present in air in the headspace of the AWC for
combustion of CH4 to CO2, accepting that this would
introduce a small amount of atmospheric CH4 contamina-
tion. Our results show that this atmospheric component had
an insigniﬁcant effect on the age of our samples, shifting
them by less than the 14C measurement uncertainty
(atmospheric CH4 represented ≤1% of the samples;
Tables II and III). However, to avoid this problem, the
headspace can be formed using CH4-free gas, e.g. N2 (as
we did for small samples; Table III). For future application
of the technique, the beneﬁts of using a CH4-free
headspace should be considered, although given the current
atmospheric CH4 levels, it is only likely to be of signiﬁcant
beneﬁt for samples that contain low concentrations of CH4.Implications of the carbon isotope results
The radiocarbon ages that we measured for CH4 at the
Stream site (3047–3265 years BP) were signiﬁcantly
older than evaded CO2 previously measured for both this
site (~300–520years BP; Garnett et al., 2013), and elsewhere
in the UK (modern to 1450years BP; Billett et al., 2006,
2007). This observation supports earlier assertions that either
the sources of CO2 and CH4 in peatland streams differ or they
are derived from a different mixture of sources (Garnett et al.,
2013). The presence of younger CH4 inwater at the Plantation
site (371–433years BP) showed that CH4 of a range of ages
does enter the drainage system, indicating that the sources
of methane vary spatially. Although we have few results, it
may also be signiﬁcant that at our Plantation site the age of
the methane in the drainage water was very similar to the
age of evaded CO2 previously determined for the Stream
site (Plantation CH4=~371–433years BP; Stream site
evaded CO2=~300–520years BP; Garnett et al., 2013).
However, we did not analyse CO2 at the Plantation site (the
focus of the study being CH4), and so have no information on
how the age of CO2 varies spatially at this location.
Investigations of peat pore waters have found that
generally methane age increases with depth up to a
reported maximum of ~4000 years BP in deep layers of
ombrotrophic bogs (Clymo and Bryant, 2008; Garnett
et al., 2011). At Langlands Moss, CH4 in peat pore waters
was ~2800 years BP at 2m and ~4000 years BP at 4m
depth (Garnett et al., 2011). A recent 14C measurement of
methane from close to the base of the peat deposit (6m) at
Langlands Moss provided an age of 4291±64years BP
(SUERC-42724; sample collected using the same method
and location described in Garnett et al., 2011). Given thatEcohydrol. 9, 113–121 (2016)
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pore water of <2500years BP; this suggests that the
methane in the adjacent stream draining the peatland
(~3000 years BP) was likely substantially derived from
depths below 2m. This contrasts with emissions from the
peat surface, which were aged ~200–1400 years BP at
Langlands Moss (Garnett et al., 2012), and have been
reported to be even younger at other sites (e.g. Wahlen
et al., 1989; Quay et al., 1991; Chanton et al., 1995). These
results underline the considerable differences in the sources
of methane emitted (i) directly to the atmosphere and (ii)
indirectly to the aquatic system via sub-surface hydrolog-
ical pathways, and further highlight the importance of
ﬂowing surface waters in fully understanding greenhouse
gas emissions from peatlands.
Although there are few radiocarbon measurements of
methane from peatland streams, we have previously dated
methane evaded from the stream site at Langlands Moss
using a ﬂoating chamber (Garnett et al., 2013). Methane
trapped using this method had an age between ~1600 and
2000 years BP, substantially younger than measured using
the headspace method in the present study. Samples
collected using both methods were processed using the
same laboratory procedures, and both were corrected for an
atmospheric CH4 component, and therefore, we have no
reason to suspect that the difference in results is due to a
methodological issue. A potential explanation may be that
an AWC sample is derived from methane dissolved in
stream water, whereas a ﬂoating chamber would also trap
any methane released from underlying sediments released
by ebullition. Although bubble emissions were not directly
observed, the possibility of capturing bubble emissions
may have been high given that chambers were installed for
several days, and even a small amount of ebullition could
signiﬁcantly contribute to the ﬂoating chamber samples
because of the high methane concentration of bubbles
(Strack et al., 2005). Alternatively, although care was taken
to avoid it, one technique may have been more prone to
induce ebullition by disturbance of underwater sediments.
Previously, radiocarbon results for methane in surface
waters have only been reported for a few studies, largely
conﬁned to boreal and arctic environments where locations
with large ebullition ﬂuxes have favoured collection of
suitable-sized samples (e.g. Walter et al., 2006, 2008).
However, bubble emissions are often not evident in
peatland streams even though they contain high quantities
of methane gas that are transferred to the atmosphere via
less-concentrated diffusive emissions, making sampling for
radiocarbon analysis more challenging and necessitating
the development of new methods like the one described
here. There is an urgent need to improve our understanding
of the response of carbon-rich environments to perturbation
and climate change (e.g. permafrost thaw). Vonk and
Gustafsson (2013) have called for a greater understanding© 2015 The Authors. Ecohydrology published by John Wiley & Sons Ltd.of the links between carbon and hydrological cycles at a
landscape scale, and 14C approaches using the new method
described here will help this to be achieved.ACKNOWLEDGEMENTS
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